The carbonized layer of the commercially available ß-SiC films epitaxially grown on Si was studied by transmission electron microscopy (TEM) and atomic force microscopy (AFM). It is shown that the 21.9% misfit of the ß-SiC and Si lattices is mainly relieved during carbonization process by the generation of periodic perfect 1/2 [110] misfit dislocations at the ß-SiC /Si interface which absorb the 19% of the misfit. Another 0.9% of the misfit is absorbed by residual strain as it is revealed by the Moire patterns which are formed by diffraction of the e-beam in the two lattices. Fluctuations of the Moire pattern reveal local strain variations at the ß-SiC/Si interface suggesting that the various ß-SiC island nuclei formed during the carbonization process are not restricted to have a parallel epitaxy relative to the substrate. The roughness of the ß-SiC at the ß-SiC/Si interface, was studied by AFM. The roughness at the back side of the ß-SiC is attributed to the interdiffusion of the Si and C atoms during carbonization process in order to form the ß-SiC. The roughness at the interface is also revealed by high resolution TEM observations. During this process cavities having reverse pyramid like shape are formed which are centers of emission of Si interstitial necessary for the formation of the ß-SiC during the carbonization process. The initial thickness of the ß-SiC which is formed during the carbonization process is estimated by calculating the missing Si-atoms from the cavities.
Abstract.
The carbonized layer of the commercially available ß-SiC films epitaxially grown on Si was studied by transmission electron microscopy (TEM) and atomic force microscopy (AFM). It is shown that the 21.9% misfit of the ß-SiC and Si lattices is mainly relieved during carbonization process by the generation of periodic perfect 1/2 [110] misfit dislocations at the ß-SiC /Si interface which absorb the 19% of the misfit. Another 0.9% of the misfit is absorbed by residual strain as it is revealed by the Moire patterns which are formed by diffraction of the e-beam in the two lattices. Fluctuations of the Moire pattern reveal local strain variations at the ß-SiC/Si interface suggesting that the various ß-SiC island nuclei formed during the carbonization process are not restricted to have a parallel epitaxy relative to the substrate. The roughness of the ß-SiC at the ß-SiC/Si interface, was studied by AFM. The roughness at the back side of the ß-SiC is attributed to the interdiffusion of the Si and C atoms during carbonization process in order to form the ß-SiC. The roughness at the interface is also revealed by high resolution TEM observations. During this process cavities having reverse pyramid like shape are formed which are centers of emission of Si interstitial necessary for the formation of the ß-SiC during the carbonization process. The initial thickness of the ß-SiC which is formed during the carbonization process is estimated by calculating the missing Si-atoms from the cavities.
I. Introduction.
Silicon carbide (SiC) is the best example of polytypic material. It displays a number of one-dimensional ordering sequences without any variation in stoichiometry [1] , Its structure is comprised of identical polar layers of Si 4 C co-ordination tetrahedrally linked through their vertices to produce a framework structure corresponding to the formula SiC. The polytypism arises through variants in the stacking of these layers. The three most common are, the cubic-SiC (ß-SiC) where the periodicity is repeated every three close-packed layers, the 6H-SiC which is hexagonal SiC where the periodicity is repeated every six close-packed layers and finally 4H-SiC which is hexagonal SiC where the periodicity is repeated every four close-packed layers.
The ß-SiC is a very promising semiconductor for high-temperature, high-frequency and high-power electronic devices because of its wide band gap, high-saturated electron velocity and high-breakdown electric field. The bandgap varies with the type of the polytype and is 2.3eV for ß-SiC, 3.0eV for 6H-SiC, 3.2eV for the 4H-SiC and 3.4eV for the hexagonal polytype 2H-SiC [2] , The 6H-SiC is also used for light emitting diodes [2] . Due to the high Si-C bonding energy ~5eV, it is resistant to high temperature and radiation. Moreover its intrinsic resistance to oxidation, corrosion and creep at high temperatures makes it a desirable protective coating and excellent sink of heat due to its very high thermal conductivity. The combination of the excellent semiconducting and mechanical properties makes SiC the most promising material for harsh environments sensors.
Unfortunately due to difficulties in growing bulk SiC no large SiC wafers were available until Nishino et al [3] reported heteroepitaxial growth of cubic SiC on Si wafers using the chemical vapour deposition (CVD) method at relatively low (compared with the standard sublimation method) temperatures of about 1300°C. One of the most important steps in the CVD process is the formation of a carbonized buffer layer during the very early stage of growth. This layer is formed by releasing only hydrocarbon for a very short time at a high temperature ~1360°C. No buffer layer is formed during this process, having intermediate lattice constant to reduce the 21% misfit in the Si/SiC system. In contrast the arriving at the Sisurface carbon atoms react with the Si atoms forming ß-SiC islands. The perfection of this layer is crucial for the quality of the overgrown ß-SiC subsequently formed by silane and hydrocarbon reaction.
In this work the structure of the carbonized layer is systematically studied by combined cross-section and plane view transmission electron cross microscopy (TEM) observations.
II. Experimental.
Commercially available ß-SiC specimens epitaxially grown on silicon produced by Cree Res. Inc. as well as ß-SiC layers formed by carbonization of Si wafer in a molecular beam epitaxy (MBE) system were used for the study of the carbonized layer.
The conversion of (001) Si surface to ß-SiC has been performed by exposing the Si-surface to the flux of elemental carbon in the MBE system. In order to ensure a perfectly clean Si surface, as silicon layer about 200nm thick was epitaxially deposited on the Si wafer in the MBE system prior the carbon evaporation. Different carbon sublimation rates and substrate temperatures have been used. The growth process was controlled in-situ by Reflection High-Energy Electron Diffraction (RHEED). The as grown layers were characterized by plane view and cross-section TEM. The morphology of the ß-SiC films was also studied by Atomic Force Microscope (AFM).
III. Results and discussion.
Cross section TEM observations from the ß-SiC/Si interface reveal the presence of misfit dislocation with a mean periodicity 1.61nm along the [4] . If all the misfit in the ß-SiC/Si system which is -21.9% had to be relieved by misfit dislocations an extra SiC plane would introduce in every 4 Si planes. In this case the periodicity D of the misfit dislocations is defined by the equation (1) where for ß-SiC b=0.308nm and the misfit δ =0.219. Therefore from equation (1) the expected periodicity is D=1.4nm. Comparing the expected D spacing of the misfit dislocations with the observed 1.61nm in fig.la we concluded that part of the remaining misfit is absorbed by residual strain or other defects. These results were confirmed by plane view observation of the moire pattern in the ß-SiC/Si system. From the periodicity of the misfit dislocations it is evident that 5 m =0.19 of the misfit is relieved by the misfit dislocations at the interface and ö d =0.029 by residual strain and other defects.
The residual strain at the interface was estimated from the moire patterns which are produced by diffraction of the e-beam in the two overlapping lattices. Fig. 1b is a plane view TEM micrograph from the ß-SiC/Si interface. Displacement type moire fringes were formed because the electron beam was originated from the superposition of the two The misorientation of the nuclei during the early stage of growth results in the relaxation of the two lattices as molecular dynamic calculations have shown [5] . Therefore misorientation is another mechanism for the relief of the remaining 2% misfit. The mean size of the nuclei is about 10nm and due to their misorientation low angle boundaries are formed during the coalescence which is another source of defects. Low angle boundaries are denoted by arrows in Fig.lb and result in the distortion of the Moire pattern as thev cross the boundaries.
The introduction of the defects at the grain boundary during the coalescence of the nuclei A and Β ( fig.2) is evident, where a parallel shift of the lattices at the boundary is observed denoted by arrow at the GB. Notice also that the nucleus denoted by the letter Β is slightly misoriented compared with the Si substrate, in this case stacking faults are generated denoted by the letter SF in fig.2 . In the case of the nucleus A where all the misfit is absorbed by the misfit dislocations at the interface no other defects are propagated inside the nucleus. The extra planes of the ß-SiC which are introduced every 4 silicon lattice planes are shown at the right side in fig.2 . Most of the defects which propagate inside the ß-SiC films are generated due to the small misorientation of the nuclei compared with the Si substrate. The back side of the ß-SiC films which actually characterizes the quality of the ß-SCI/Si interface as seeing from the ß-SiC side was studied by AFM. The back side was studied after the dissolution of the Si substrate. As solvent was used a solution of 95% HN0 3 and 5% HF which dissolves the Si leaving the ß-SiC intact. Unless the remaining ß-SiC film is stuck on a flat surface significant buckling occurs revealing that residual stress exists. The distortion of the atomic plane as well as the roughness at the back side becomes evident by AFM as it is shown in the 3D image of CREE specimen in fig.3a . The 2D image from the same area is shown in fig.3b .
The roughness of the surface must not attributed to the roughness of the Si-substrate which even in the case of a vicinal wafers is atomically smooth, but to the strong reaction of the carbonized zone with the silicon substrate to form ß-SiC. This reaction occurs in depth by interdiffusion of the Si and C atoms. In general the Si diffusivity is higher than the carbon diffusivity. The reaction occurs at temperatures as low as 660°C as systematic MBE experiments reveal. A limited carbon diffusion to the Sisubstrate subsequent reaction was also predicted by theoretical calculations. [5] 
Conclusions.
It is concluded that the carbonized layer reacts with the Si in depth forming ß-SiC which is in epitaxial orientation with the substrate. The 21.9% misfit is mainly relieved by misfit dislocation. As the thickness of the ß-SiC increases during the carbonization process cavities appears in the Si substrate at the interface which act as sources of Si which is emitted to the surface in order to react with carbon forming ß-Sic. The thickness of the ß-Sic which is formed during the carbonization process was estimated from the missing Si in the cavities per unit area.
